For the first time we perform simultaneous observations of individual single-walled carbon nanotubes using scanning electron microscope ͑SEM͒ and transmission electron microscope modes of a transmission electron microscope equipped with a scanning attachment operating at 100 kV. We show that in the SEM mode both individual single-walled carbon nanotubes situated on thin Si 3 N 4 membranes and portions of these tubes projecting far beyond the membranes can be observed. The contrast and width of the nanotube images depend on their diameter and density on a substrate. Possible mechanisms of the observed nanotube contrast are discussed.
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Multiwalled and single-walled carbon nanotubes were discovered using a transmission electron microscope ͑TEM͒.
1,2 Later on, scanning tunneling microscopy ͑STM͒ and atomic force microscopy ͑AFM͒ were used to study the structure of nanotubes and to fabricate nanotube-based devices. But standard electron beam lithography equipment employed in nanofabrication uses scanning electron microscopy ͑SEM͒ for visualization. It has long been thought that it is impossible to observe single-walled nanotubes in SEM, because the electron beam interaction with them is negligibly small and the amount of secondary electrons generated by a nanotube is insufficient for imaging ͑for experimental verification see, for example, Ref. 3͒. Coating nanotubes with a thin metal film to visualize them in the SEM was a common practice. 4 Some recent papers 5, 6 report the SEM observations of uncoated nanotubes on an insulating substrate. The authors of these works argue that the substrate is the cause of the increased nanotube contrast. In this work we carry out a concurrent observation of nanotubes in SEM and TEM modes of a transmission electron microscope and demonstrate a noticeable contrast on SEM images of suspended single-walled nanotubes protruding far beyond the substrate.
The samples were analyzed in a TEM JEM-100 CX at an accelerating voltage 100 kV in SEM and TEM modes. JEM-2000 FX and Akashi Topcon EM-002B TEMs were used complementary. The use of the TEM mode enabled us to measure the nanotube diameters, to distinguish individual tubes from small ropes, consisting of two to three tubes, and also to differentiate between single-and double-walled tubes. This cannot be done using STM, AFM, or using SEM alone. 7 Carbon nanotubes were synthesized by chemical vapor deposition ͑CVD͒ with a single burst of acetylene 8, 9 on silicon nitride membranes with through slits used in our previous work. 10 The nanotubes were synthesized as follows. The chamber with samples was evacuated to a pressure of the order of 0.1 mbar and placed into a furnace preheated to a temperature of 1000°C. 10 min later the chamber was filled with acetylene up to a pressure of 5 mbars for 5 s, then evacuated again and taken out of the furnace. Studies in high resolution TEMs JEM-2000 FX and Akashi Topcon EM-002B have shown that exclusively single-walled nanotubes were synthesized by this approach on the silicon nitride membranes.
As seen in Fig. 1͑a͒ , single-walled nanotubes exhibit high contrast in SEM both when located on a substrate and far ͑up to 10 m͒ beyond it. The concurrent TEM observation of the same nanotubes has shown that the nanotubes are from 1 to 7 nm in diameter, some of them being assembled in small ropes containing two to three nanotubes ͓Figs. 1͑b͒ and 1͑c͔͒. The width of the suspended nanotube image in SEM is proportional to the nanotube diameter, as suggested by the comparison of the SEM and TEM images of the same nanotubes ͓Figs. 1͑b͒ and 1͑c͔͒.
a͒ Author to whom correspondence should be addressed; electronic mail: kasumov@ipmt-hpm.ac.ru In order to find out what mechanism causes the observed nanotube image contrast we compared our results to those reported in Refs. 5 and 6 for the nanotubes on insulating substrates. In Ref. 5, the authors suggested that the dynamic voltage contrast mechanism is responsible for the visualization of the nanotubes. They argued that nanotubes charge negatively more slowly than the SiO 2 substrate on which they are located. Therefore, the nanotubes are at a positive potential relative to the oxide bulk. This potential locally increases the number of secondary electrons leaving the substrate, making the parts of the substrate near nanotubes appear brighter on a SEM image. The important consequence of such an approach is that an increase of the nanotubes charging rate should worsen the contrast. In exact agreement with this conclusion Brintlinger et al. 5 found that an increase in the beam current resulted in the reduction of contrast. But in our case, on the contrary, this led to the contrast enhancement ͓Figs. 2͑a͒ and 2͑b͔͒. A decrease of the scanning rate also reduced the contrast in Ref. 5 while we observed a better contrast in this case. These discrepancies allowed us to conclude that our observations are caused by some other mechanism.
Homma et al. 6 suggested an alternative explanation of the contrast between nanotubes and the insulating substrate. They assumed that by loosing electrons upon scanning, the substrate gets positively charged and, therefore, its emissive capability decreases. The same cause ͑positive substrate charge͒ results in the electron flow from nanotubes to the substrate. Because of this flow the substrate regions adjacent to the nanotubes become enriched in electrons and their emission ability is recovered resulting in contrast between the substrate regions close and far from the nanotubes. Homma et al. 6 pointed out that for the continuous electron supply to the substrate from nanotubes, i.e., for good contrast, it is necessary for the nanotubes to be combined into a network extending outside of the primary beam irradiation area. The contrast from isolated nanotubes ought to be negligible. We have observed a similar behavior ͓Figs. 2͑c͒ and 2͑d͔͒: in the case when the nanotube density was low ͑as a result of a synthesis at a decreased acetylene pressure͒ the contrast was much worse. So, in our case the good contrast between the nanotubes and the substrate is likely to be attributed to exactly the mechanism as described in Ref. 6 . It is, however, to be mentioned that for such a contrast it is necessary for the substrate secondary emission coefficient to be greater than unity. This condition was fulfilled in Ref. 6 where the accelerating voltages of about 1 kV were used to observe nanotubes. In our experiments the accelerating voltage was 100 kV and greater. With such voltage the secondary emission coefficient should be much less than unity. 11 Nevertheless, we were able to observe nanotubes on the insulating substrate.
In both of the described nanotube contrast mechanisms 5, 6 the dielectric substrate is considered to be the source of secondary electrons. So the nanotubes outside of the substrate should not be visible. But we did observe single-walled nanotubes protruding from the substrate into vacuum. To exclude the influence of the substrate we have taken the images of the same nanotubes with and without the substrate in the electron beam scanning area ͓Fig. 2͑e͔͒. The image contrast between the suspended portions of nanotubes and vacuum was the same in both cases. This bear witness to the fact that to observe the nanotubes, no interaction between the incident electron beam and the substrate is required ͑contrary to Refs. 5 and 6͒. It seems that the only cause for the contrast in our case is the interaction between the incident beam and the nanotube. The same conclusion about the importance of the nanotube-beam interplay was drawn by Nojeh et al. 12 who studied the electron-beam stimulated field emission from single-walled carbon nanotubes on an insulating substrate. Nojeh et al. 12 obtained a high "secondary" emission coefficient from nanotubes ͑about 100͒ in the electric field of the order of 5 V / m. In our case the electric field strength near the nanotube is, apparently, much lower, but the observable secondary emission coefficient is also much lower. In order to define whether an electric field existing in the vicinity of nanotubes has any influence on the emission from nanotubes, we eliminated the electric field near nanotubes by placing the sample into a grounded holder between two copper grids. This had no effect on the observed contrast. We can also add that in the case of electric field induced secondary electron emission the contrast is not homogenous-tips of the nanotubes are very bright. 12, 13 We were unable to observe this phenomenon on our nanotubes ͑Fig. 2͒. So, for our case ͑ab-sence of both the substrate and the electric field͒ we have excluded all the contrast formation mechanisms discussed in the literature, capable of bringing about a noticeable nanotube image contrast in SEM.
Let us roughly estimate the secondary emission coefficient of a single-walled nanotube as the primary beam of 100 keV electrons passes through it. The coefficient has to be approximately proportional to the thickness of the layer whereout the secondary emission takes place. 11 In metals and semiconductors the emission proceeds from the depth of about 10 nm. 11 Graphite of 10 nm corresponds to 30 monolayers, and a single-walled nanotube can be regarded as 2 monolayers, so its secondary emission coefficient nt ought FIG. 2 . SEM image of the nanotubes in vacuum and on the membrane. ͓͑a͒ and ͑b͔͒ Images at a standard ͑a͒ and reduced ͑b͒ beam current. ͑c͒ Image of a network of nanotubes on a membrane. ͑d͒ Image of individual nanotubes on a membrane. ͑e͒ Suspended nanotubes, the substrate is excluded from the electron beam scanning area ͑inset: the same nanotubes, part of a membrane included into the electron beam scanning area͒. ͑f͒ Image of the nanotube protruding from the membrane, the part of the nanotube adjacent to the membrane ͑indicated by arrow͒ is invisible.
to be approximately 15 times lower than that of bulk graphite G ͓ G ϳ 0.05 at 30 kV ͑Ref. 14͔͒ at the same accelerating voltage, giving nt ϳ G /15ϳ 0.003 at 30 kV, and at 100 kV this value should be even less. 11 Unfortunately our experimental setup did not allow us to measure the secondary emission coefficient of individual nanotubes. We were only able to measure the voltage on the photomultiplier attached to the secondary electron detector. We found that the voltage corresponding to a nanotube was about one order of magnitude less than that of a copper plate ͑we took the voltage corresponding to an empty space as a zero level͒. Knowing the emission coefficient of copper ͑ϳ0.1 at 30 kV according to Ref. 14͒ we could estimate the emission coefficient of nanotubes ͑ nt ͒ in our case to be about 0.01 which is several times more than the value derived from the secondary emission of graphite in the previous paragraph. This means that there should be a secondary emission mechanism specific to nanotubes.
We believe that surface plasmons ͑SP's͒ may be responsible for the observed suspended nanotube contrast. It has been demonstrated experimentally 15 that a fast electron beam of subnanometer size passing in the vicinity and/or through single-walled nanotubes can excite SPs. The integrated probability of such an event is in the range of 0.01-0.03 when the beam hits the nanotube or stays at distances less than 1 nm. 16 The probability then decreases exponentially with distance from the tube. The mechanism of energy transfer from the SP to conduction electrons of the nanotube has not been studied. It is, however, known that the probability of the resonant photoionization of a fullerene by a photon with energy equal to a plasmon energy is close to 1. 17 This process proceeds in two stages: first, the photon excites the plasmon that, in turn, transfers its energy to the electron. If the probability of the entire process is close to 1, then the probability of energy transfer from the plasmon to the electron is also approximately equal to 1. In a bulk material the probability of the transfer of all the plasmon energy to the electron is also close to 1. 18 So it may be assumed that SPs can excite the same number of electrons and accelerate them 19 ͑Fig. 3͒, giving the secondary emission coefficient of nanotubes of about 0.01-0.03, close to our experimental estimation.
It is also worth noting that the probability of SP excitation depends nonmonotonically on the accelerating voltage with the maximum at about 80 kV for plasmons of the energy of 15 eV, 20 which might clarify why the observation of such effect has been easier at 100 kV than at usual electron beam acceleration voltage ͑ϳ30 kV or less͒ used in scanning electron microscopes ͑and we indeed failed to observe individual suspended nanotubes in a Philips 525 SEM operating at 30 kV͒. On the other hand, this fact may explain the results of our observations of the same sample region in the SEM mode of a JEM-2000FX at voltages of 150 and 100 kV. It turned out that the contrast from the suspended nanotubes in SEM was better at the lower accelerating voltage ͑despite the beam current decrease͒, although it is known that the secondary emission coefficient of a large number of materials is virtually constant in this voltage range. 11 Seemingly, the intensity of the suspended nanotubes image is affected not only by the microscope parameters ͑beam current, accelerating voltage͒ but also by the parameters of the nanotubes themselves ͑chirality and amount of defects͒, since sometimes the images of various parts of the same suspended nanotubes differ in contrast. One of such nanotubes is shown on Fig. 2͑f͒ where the portion of the tube adjacent to the substrate is completely invisible in SEM. A detailed study of the parameters of the SEM images of the nanotubes as a function of their structural characteristics is planned. FIG. 3 . Schematic picture of a proposed surface plasmon-mediated secondary electron generation mechanism in a carbon nanotube suspended in vacuum. The primary electron with the energy of 100 keV hits ͑or passes in the vicinity of͒ the nanotube and excites the surface plasmon ͑SP͒, which, in turn, transfers its energy to a secondary electron.
